Background: Some dogs with primary hypoadrenocorticism (HA) have normal sodium and potassium concentrations, a phenomenon called atypical Addison's disease. The assumption that the zona glomerulosa and aldosterone secretion in these dogs are normal seems widely accepted; however, aldosterone measurements are missing in most published cases.
H ypoadrenocorticism (HA) is an uncommon disease in which adrenal steroid hormone secretion falls below the requirement of the animal. The vast majority of dogs suffer from primary HA, also known as Addison's disease. Usually, primary HA results from immune-mediated destruction of the adrenal cortex, which terminates in absolute deficiency of glucocorticoids and mineralocorticoids. Typically, dogs with primary HA reveal laboratory abnormalities of mineralocorticoid deficiency, eg, decreased sodium and increased potassium concentrations. However, in a small number of dogs with primary disease, serum sodium and potassium concentrations are normal. 1, 2 Dogs with primary HA not evidencing mineralocorticoid insufficiency are classified as having atypical Addison's disease. [2] [3] [4] [5] [6] [7] In atypical Addison's disease, adrenal destruction is assumed to be confined to the zona fasciculata and reticularis, resulting in isolated glucocorticoid deficiency.
Sparing of the zona glomerulosa with disappearance of the zona fasciculata and reticularis was proven histologically in cases with combined hypothyroidism and primary HA, an entity known as polyglandular deficiency syndrome. 8, 9 In addition, a retrospective study about adrenocortical inflammation gives further evidence for the existence of segmental sparing of the zona glomerulosa in dogs suspected of HA. 10 In humans, however, dissociation between zona glomerulosa and fasciculata function is thought to occur rarely, as increased renin values, indicating compensated failing of the zona glomerulosa, were shown to occur in patients with primary HA and normal electrolytes. 11 Sodium and potassium concentrations may also be normal in dogs with secondary HA. Secondary HA in dogs is rare and characterized by ACTH deficiency and lack of glucocorticoid secretion alone. 2 Extrapolated from other species, it is assumed that mineralocorticoid production in dogs with secondary HA is not impaired, as it is primarily regulated by the plasma potassium concentration and the renin-aldosterone-system.
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The gold standard for diagnosing HA is the ACTH stimulation test. Dogs with HA have low baseline cortisol concentrations and do not show an adequate increase in cortisol after ACTH administration. Because of limited availability of the assay, evaluation of aldosterone is not routinely included during workup of dogs suspected of HA and studies investigating aldosterone concentrations in dogs with HA are scarce. Most consistent seems an insufficient increase or an overall decreased ACTH-stimulated aldosterone concentration. 13, 14 A preliminary study in our canine population showed undetectable ACTH-stimulated aldosterone concentrations in most dogs with HA. 15 In dogs with atypical Addison's disease, ACTH-stimulated aldosterone concentrations have only been measured in a small number of dogs and ranged from normal to decreased. 2, 6 Finally, no studies exist evaluating the time point of maximal aldosterone concentrations after ACTH stimulation in dogs. Cortisol peaks 60 minutes after administration of ACTH. 16 Knowing the exact time point of aldosterone peak concentrations seems of importance, as if sampling is not timed around this point, a residual aldosterone secretion of an impaired zona glomerulosa could be missed.
The aims of this study were, first, to compare the aldosterone concentrations of dogs with HA with those of dogs with diseases mimicking HA and healthy dogs; second, to investigate a potential relation between serum electrolyte concentrations in dogs with HA and their aldosterone concentrations; and third, to determine the time point of maximal aldosterone concentration after ACTH stimulation.
Material and Methods

Animals
Seventy client-owned dogs with newly diagnosed HA were prospectively enrolled between December 1996 and March 2011. Results of 44 dogs had been part of a previous study. 15 Work-up included complete blood count, serum biochemical profile, urinalysis, ACTH stimulation test, abdominal ultrasonography (in particular adrenal glands) in all dogs, and measurement of endogenous ACTH in some dogs. HA was confirmed with an insufficient ACTH-stimulated cortisol concentration (<1 lg/dL). Dogs with iatrogenic causes of HA (eg, previous steroid or trilostane therapy) were excluded from the study.
Twenty-two dogs with diseases mimicking HA diagnosed between November 2007 and July 2009 were prospectively enrolled in the study. All dogs had initially been suspected of having HA but been given a different final diagnosis; all had ACTH-stimulated cortisol concentrations >5 lg/dL. Diseases mimicking HA were associated with clinical signs or laboratory findings routinely seen in dogs with HA, such as vomiting, diarrhea, weakness, lethargy, and hyperkalemia, hyponatremia, or both.
Nineteen privately owned dogs were used as controls. The samples from these dogs had been taken to validate the aldosterone assay. 17 The dogs were considered to be healthy on the basis of normal history and physical examination, as well as unremarkable hematology, serum biochemistry profile, urinalysis, and ACTH-stimulated cortisol concentrations >5 lg/dL. 
Analytical Procedures
For the ACTH simulation test, blood samples were taken before, and 60 minutes after, intravenous injection of 250 lg synthetic ACTH.
a The ACTH stimulation test was performed in all 3 groups of dogs. Furthermore, an "extended" ACTH simulation test was performed in 7 dogs with HA and 22 dogs with diseases mimicking HA to confirm that aldosterone peak concentrations were not missed by the standard protocol. For the "extended" ACTH simulation test, additional blood samples were taken 15, 30, and 45 minutes after ACTH administration. Cortisol concentrations were measured by chemiluminescence assay.
b Sensitivity of the cortisol assay was 0.2 lg/dL. Aldosterone concentrations were detected by a radioimmunoassay previously validated by our group.
c, 17 The assay sensitivity was 4 pg/ mL. Endogenous ACTH before ACTH stimulation was determined by a chemiluminescence assay.
b Blood was collected into chilled EDTA-coated tubes placed on ice and centrifuged at 4°C. Cortisol and endogenous ACTH measurements were performed in house twice a week; plasma was stored either at À20°C (cortisol) or at À80°C (ACTH) until assayed. Samples for aldosterone determination were sent off to an external laboratory. In house, the blood sample was immediately centrifuged; the plasma was sent off to the external laboratory on the same day. In the external laboratory, aldosterone measurements were performed once or twice a week; plasma was stored at À20°C until assayed.
Statistical Analysis
Statistical analysis was performed by commercial software by means of nonparametric tests.
d,e Data are expressed as median and range. Differences between groups were tested by the use of the Kruskal-Wallis H test and Dunn's post-test. Linear correlation was calculated by Spearman nonparametric correlation. In the extended ACTH stimulation test, differences between the time points were tested by use of Friedman's repeated measures test and Dunn's post-test. The level of significance was set at P < .05. For values below the detection limit, the mean between 0 and the detection limit was entered for statistical analysis.
Results
Animals
In the dogs with HA, age ranged from 1 to 11 years (median, 5 years) and body weight from 4.2 to 65.8 kg (median: 21.4 kg). There were 30 males (18 castrated) and 40 females (27 spayed). Fifty-six purebred dogs and 14 mixed-breed dogs were included. No breed seemed overrepresented.
In the dogs with diseases mimicking HA, age ranged from 1 to 13 years (median, 10 years) and body weight from 4.5 to 45.7 kg (median: 12.9 kg). There were 13 males (5 castrated) and 9 females (5 spayed). Eighteen purebred dogs and 4 mixed-breed dogs were included. The final diagnoses reached were acute gastroenteritis (8), chronic-intermittent gastroenteritis (4), proteinlosing enteropathy (1), intestinal adenocarcinoma (1), gastric ulceration (1), colitis (1), idiopathic megaesophagus (1), liver mass (1), hypercalcemia of unknown origin (2), chronic renal failure (1), and dehydration of unknown origin (1) .
In the healthy dogs, age ranged from 1 to 14 years (median, 11 years) and body weight from 7.8 to 30 kg (median: 24.4 kg). There were 10 males (5 castrated) and 9 females (4 spayed). Fourteen purebred dogs and 5 mixed-breed dogs were included.
Cortisol and Aldosterone Concentrations
Baseline cortisol concentrations in dogs with HA, with diseases mimicking HA, and healthy dogs ranged from <0.2 to 1.1 lg/dL (median, <0.2 lg/dL), from <0.2 to 6.8 lg/dL (median, 2.1 lg/dL), and from <0.2 to 3.5 lg/dL (median, 0.7 lg/dL), respectively. ACTHstimulated cortisol concentrations in dogs with HA, with diseases mimicking HA, and healthy dogs ranged from <0.2 to 0.8 lg/dL (median, <0.2 lg/dL), from 6.4 to 37.0 lg/dL (median, 9.5 lg/dL), and from 5.1 to 9.0 lg/dL (median, 6.9 lg/dL), respectively. Baseline and ACTH-stimulated cortisol concentrations were significantly lower in dogs with HA than in dogs with diseases mimicking HA and healthy dogs (P < .0001/ P < .0001). There was no difference between the baseline and ACTH-stimulated cortisol concentrations of dogs with diseases mimicking HA and healthy dogs (Fig 1) .
Baseline aldosterone concentrations in dogs with HA, with diseases mimicking HA, and healthy dogs ranged from <4 to 158 pg/dL (median, <4 pg/dL), from <4 to 556 pg/dL (median, <4 pg/dL), and from <4 to 157 pg/dL (median, 12 pg/dL), respectively. ACTH-stimulated aldosterone concentrations in dogs with HA, with diseases mimicking HA, and healthy dogs ranged from <4 to 253 pg/dL (<4 pg/dL), from <4 to 1670 pg/dL (154 pg/dL), and from 46 to 602 pg/ dL (187 pg/mL), respectively. Baseline and ACTHstimulated aldosterone concentrations were significantly lower in dogs with HA than in dogs with diseases mimicking HA and healthy dogs (P < .0001/ P < .0001). There was no difference between the baseline and ACTH-stimulated aldosterone concentrations of dogs with diseases mimicking HA and healthy dogs (Fig 2) . (Fig 3) . No correlation was found between ACTH-stimulated aldosterone concentrations and sodium levels. A weak negative correlation was detected between ACTH-stimulated aldosterone concentrations and potassium values (r = À0.32, P = .005).
In 64/70 dogs with HA, baseline and ACTH-stimulated aldosterone concentrations were below the detection limit of the assay. In 6/70 dogs, ACTH-stimulated aldosterone was either lower than normal or normal (3 dogs each: range: 9-253 pg/mL, median: 45 pg/mL, reference range: 46-514). Hyponatremia was present in all 6 dogs (124-150 mmol/L, median: 145.5 mmol/L) and hyperkalemia in 3 dogs (4.9-7.7 mmol/L, median: 5.5 mmol/L). In 3/70 dogs with HA, both sodium and potassium concentrations were normal and in 1/70 dogs, sodium was normal and potassium decreased. ACTH-stimulated aldosterone concentrations were below the detection limit of the assay in all 4 dogs. In 2 dogs, treatment was initiated with prednisolone. One of them developed hyperkalemia after 6 months, requiring additional mineralocorticoid supplementation. The other dog continued to have normal electrolytes throughout a 2-year observational period. Of the other 2 dogs, treatment of one was initiated and maintained with gluco-and mineralocorticoids and the other was lost to follow-up.
"Extended" ACTH Stimulation Test
In dogs with diseases mimicking HA, aldosterone concentrations 15, 30, 45, and 60 minutes after ACTH stimulation ranged from <4 to 1042 pg/mL (median, 115 pg/mL), from <4 to 1094 pg/mL (median, 160 pg/ mL), from <4 to 1184 pg/mL (median, 180 pg/mL), and from <4 to 1670 pg/mL (median, 154 pg/mL), respectively. Aldosterone concentrations 15, 30, 45, and 60 minutes after ACTH stimulation were significantly higher than baseline values (P < .0001). Values collected 15 minutes after ACTH injection were significantly lower than those after 45 minutes (P = .002) (Fig 4) .
All ACTH-stimulated aldosterone concentrations in the dogs with HA were below the detection limit, except for a 60-minute sample in 1 dog.
Discussion
Little data exist about aldosterone concentrations in dogs with HA. The first objective of this study was therefore to compare baseline and ACTH-stimulated aldosterone concentrations of dogs with HA with those of dogs with diseases mimicking HA and healthy dogs. The results of our study are in agreement with earlier studies finding that dogs with HA have significantly lower baseline and ACTH-stimulated aldosterone concentrations than dogs with diseases mimicking HA and healthy dogs, but that overlapping values among the 3 groups are possible. 13, 15, 18 Complete separation of healthy dogs and dogs with HA can be achieved by calculating the ratio between plasma renin activity and the baseline serum aldosterone concentration. 18 However, measurement of plasma renin activity has limited availability and was not a part of our routine work-up in this study.
In our study, aldosterone concentrations were low or undetectable in most dogs with HA independently of the degree of sodium and potassium abnormalities. It has been postulated by some authors that aldosterone secretion in dogs with primary HA and normal sodium and potassium concentrations may be normal. 6, 7 The finding that sodium and potassium can be normal despite undetectable low ACTH-stimulated aldosterone concentrations was striking. The question arose whether a potential residual aldosterone peak could occur early during the ACTH stimulation test and would therefore be missed by blood sampling only 60 minutes after ACTH administration. Hence, our protocol for the ACTH stimulation test was modified and additional blood samples 15, 30, and 45 minutes after ACTH injection were included. However, values after 60 minutes did not differ from values after 15, 30, or 45 minutes in healthy dogs and no aldosterone was detectable after 15, 30, or 45 minutes in dogs with HA, rendering the assumption of a missed aldosterone peak unlikely. As aldosterone concentrations after 60 minutes did not differ from those after 30 or 45 minutes, we can state that aldosterone measurements can be performed at the same time point (60 minutes) as cortisol determination, if 250 lg synthetic ACTH is used for stimulation.
Some of the published cases of so-called atypical Addison's disease in dogs developed electrolyte abnormalities in the follow-up period. [2] [3] [4] 7 In our study, 2 cases with primary HA and normal electrolyte concentrations could be followed up. One dog developed sodium and potassium abnormalities after 6 months. The other dog could be followed up for 2 years and was still stable on glucocorticoid therapy only. The observation that most dogs develop electrolyte changes sooner or later led to the assumption that the immunemediated destruction of the adrenal cortex is first confined to the zona reticularis/fasciculata and in a later phase of disease spreads to the zona glomerulosa. However, aldosterone measurements in our study, as well as in earlier studies, demonstrate that normal electrolytes do not necessarily reflect a normally functioning zona glomerulosa. 1, 2 In human medicine, normal sodium and potassium concentrations are found in 10% and normal potassium in 25% of patients with primary HA. 19 The assumption that the zona glomerulosa and the aldosterone secretion are still intact in these patients has been degraded. Increased renin concentrations were found in all of those patients, indicating compensation for a failing zona glomerulosa. 11 Therefore, in humans, it is currently assumed that a dissociation between zona glomerulosa and fasciculata function occurs very rarely. 11 However, segmental sparing of the zona glomerulosa with atrophy of the zona reticularis and fasciculata has been documented in dogs. [8] [9] [10] In addition, a very recent case report documents a dog with hypoaldosteronism preceding hypocortisolemia. 20 This demonstrates that failing of 1 layer of the adrenal cortex can occur in dogs. It is most likely that these are rare cases. In future, renin measurements should be included in the work-up of dogs with primary HA and normal electrolyte concentrations, to completely assess the function of the zona glomerulosa.
Possible mechanisms allowing a normal potassium balance without aldosterone, which are discussed in human medicine, are a high tubular flow rate with high delivery of potassium to the collecting duct, an increased sensitivity of the tubule to aldosterone caused by up-regulation of the receptor, or both. Furthermore, hyperkalemia itself increases potassium excretion.
14, 19 In veterinary medicine, it has been postulated that an animal with HA may be able to maintain potassium balance if the sodium intake is sufficient to maintain extracellular fluid volume and distal tubular flow rate. 21 We have no detailed information about the feeding habits of these dogs. Most of these dogs were fed commercial pet food. Further information about the consumption of additional salty food (eg, treats and chews) was not available.
Moreover, dogs with HA and normal serum electrolyte concentrations could suffer from secondary HA. Measurement of cACTH concentrations can help to distinguish between primary and secondary HA, as cACTH is high in the first, but low in the latter form. Endogenous ACTH concentrations could only be measured in a small number of cases (5/70) in this study. The reasons for this were no assay availability during the earlier years of the study and presentation of dogs at night or at the weekend, which precluded correct blood handling for ACTH measurement. However, undetectable ACTH-stimulated aldosterone concentrations in most of the dogs in this study indicate primary HA. Aldosterone production is primarily regulated by the plasma potassium concentration and the reninaldosterone-system and not the pituitary ACTH secretion. Extrapolated from other species, it is therefore assumed that in cases of secondary HA, aldosterone secretion should not be impaired in dogs.
12 Measurement of cACTH would have been of particular interest in the 3 dogs with ACTH-stimulated aldosterone concentrations in the reference range. Unfortunately, in none of those dogs, endogenous ACTH concentrations were measured. Therefore, we cannot exclude that one of these dogs may have had a secondary HA. One other dog had a detectable but low ACTH-stimulated aldosterone concentration. Endogenous ACTH concentration was severely elevated (704 pg/mL) in this dog indicating primary HA.
The value of aldosterone determinations during the routine diagnostic work-up of HA has to be questioned. Most dogs with HA, independently of their electrolyte concentrations, have undetectable ACTHstimulated aldosterone concentrations. It could therefore be argued that almost all primary HA dogs may benefit from mineralocorticoid supplementation. The main reason not to start mineralocorticoid supplementation in a dog with primary HA and normal electrolytes would be the high expense of the medication. In our clinic, dogs with normal electrolyte concentrations are started on glucocorticoid therapy and regular rechecks are scheduled with the owner. However, owners should be aware that fluid losses because of vomiting could lead to an acute deterioration of their dog's condition and that a modification in therapy might be necessary in the later course of the disease. In future, determination of the plasma renin activity in these dogs should be intended to better classify their hormonal need.
In summary, aldosterone concentrations in dogs with HA seem to be compromised independent of their electrolyte concentrations. Therefore, normal sodium and potassium concentrations in dogs with HA may not reflect a normal function of the zona glomerulosa. 
